Abstract: Urban and peri-urban agriculture (UPA) in West African countries is developing rapidly in response to population growth and changing consumer preferences. Furthermore, UPA offers opportunities to secure income and social integration for the urban poor. However, little is known about household (HH) income security effects of the ongoing shift in UPA land use from crops that do not rely on insect pollinators for fruit development (e.g., sorghum and millet) to pollinator-dependent crops. In our study we developed a Household Vulnerability Index (HVI) for 224 HHs along a rural-urban gradient of Ouagadougou, Burkina Faso. The HVI indicates to which degree total HH revenue could be affected by a decline in insect pollinators. HH specific relative reduction of agricultural revenue ranged from 0 to −0.83, a reduction in HHs' revenue of up to 83%, depending on the crops' level of pollinator dependency. Half of the studied HHs (n = 108) showed an HVI of 0 and remained unaffected by a decline in pollinators. Nevertheless, mean HVI was highest for urban HHs; making these HHs most vulnerable for loss of pollination services. As in urban areas changes in insect-mediated pollination services are expected, the development of resilient UPA systems must consider "pollinator-friendly" landscape management.
Introduction
The decline of wild and domesticated pollinators may particularly affect the world's poor who strongly rely on biodiversity and ecosystem services for food and income security [1, 2] . Over 2 billion people in developing countries are smallholder farmers, often heavily reliant upon pollination services [3] . Pollination deficits (reduced yield as a result of insufficient pollination) have already been detected in a variety of crops across the developing world [1, 4] .
For millennia agricultural productivity in sub-Saharan Africa has suffered from bio-physical constraints such as soil acidity, nutrient depletion, degradation of agricultural land, and climate variability. After the severe droughts of the 1970s and 1980s, many farmers in Burkina Faso adopted horticultural production as a strategy to increase household (HH) resilience [5] . However, with the shift in agricultural land use from crops that do not rely on insect pollinators for fruit and seed development such as sorghum (Sorghum bicolor Moench), millet (Pennisetum glaucum (L.) R.Br.) and maize (Zea mays L.) to crops in which pollinating insects contribute significantly to fruit quantity and quality, it may well be that West African (WA) farmers' livelihoods and food security will be increasingly affected by future losses in biodiversity [6] . Driven by high urbanization rates in West Africa, the predominant staple food production in rural areas is increasingly complemented by urban and peri-urban agricultural (UPA) systems that are characterized by an intensive, market-oriented, and diverse horticultural production.
The ecosystem service of pollination provides economic value to crop production by increasing the quantity and quality of the crops produced, resulting in greater economic output [7] . Depending on the degree to which farmers' produce relies on insect pollination for optimum yield, which in turn depends on the degree of floral self-compatibility and the ability for self-pollination [8] , the vulnerability of rural, peri-urban, and urban HHs may increase with urbanization-induced land use changes. To estimate the dependency of farming HHs on the ecosystem service of pollination, the deficit approach, which aims at quantifying yield effects of pollination, is commonly used [9] . Studies that assessed the economic value of pollination services on a global scale showed that agriculture has become more pollinator-dependent over time and that this trend is more pronounced in the developing than in the developed world [10] . Following statistics of the Food and Agriculture Organization of the United Nations (FAO), the insect pollination economic value (IPEV) for West Africa is estimated at 5.6 billion US dollars, which is the highest on the African continent along with one of the highest vulnerability rates in terms of pollination (i.e., IPEV/total production economic value; [11] ). Furthermore, based on FAO dataset [12] and following the methodology of Aizen et al., the expected agriculture losses in the absence of animal pollination in 2012 ranged from 5% to 7.5% in Burkina Faso and even from 7.5% up to 15% in the neighboring countries Mali and Ivory Coast [13, 14] .
Most studies focused on the economic valuation of pollinator services at the large scale [8, 11, 15] or on cash crop production [16, 17] . Estimates of the impact of pollinator losses on the resilience of African smallholder HHs that are exposed to multiple risks, however, are still scarce [18, 19] . In order to assess the households' capacity of farmers in and around Ouagadougou to cope with yield losses caused by a decline in insect pollination service, we calculated a Household Vulnerability Index (HVI i ). Hereby we considered pollination as an input to crop production [9] and estimated which consequences its total loss could have on HHs' agricultural revenue and hence on HH income, the effects of a more likely partial pollination loss are also discussed. As urban and peri-urban farmers are often specialized on one or two crops [20] which heavily rely upon insect pollination and from which they earn most of their total income, it can be assumed that HHs income security of urban farmers will be strongly affected by pollinator losses.
Materials and Methods

Study Area
The study was conducted around the capital of Burkina Faso, Ouagadougou which in 2018 covered an area of 2800 km 2 and contained about 1.1 million inhabitants (World Population Review 2018). The climate is hot semi-arid with an annual mean temperature of 28 • C and a total unimodally distributed annual precipitation of around 750 mm concentrated from May to early October [21] .
In total, 16 study sites were selected in and around Ouagadougou that comprised rural agricultural systems (n = 4), peri-urban systems (n = 4), and urban systems (n = 8). Urban sites had equal shares of HHs practicing market-oriented open-space farming and those using backyard systems predominantly used for auto-consumption. The degree to which sites were already urbanized (peri-urban systems) was determined through the calculation of an Urban-Rural Index (URI) based on building density and travel time to the city center ranging between 0 (least urban) and 1 (most urban) [22] . Study sites around Ouagadougou with an URI between 0 and 0.3 were classified as rural, between 0.31 and 0.6 as peri-urban, and those sites with an index of >0.61 as urban. Expressed in distances, rural, peri-urban, and urban sites were situated at an average linear distance of 55 km, 19 km, and 6 km, respectively, from the geographical city center of Ouagadougou.
At each study site we defined spatially independent 300 × 300 m patches (in total 43) of which we determined the pollinator dependency of the cultivated crop species on separate fields in conjunction with farmers' input cost, revenue, and farmer's household socio-economic situation using a standardized, semi-structured questionnaire. A total of 224 farmers from rural, peri-urban, and urban HHs were interviewed who all together cultivated 378 fields. For urban areas we differentiated between HHs that cultivated crops on free space next to their residence, in the following referred to as backyard farming, and HHs that cultivated crops on open-space farming areas that were accessible to the public for market-oriented agricultural production. Field size was calculated within geographic information system application [23] using coordinates from the borders of each field collected by a hand-held GPS ( ® Vista HCx eTrex, GARMIN Ltd., UK, accuracy ± 2 m).
Farmers' Inputs, Cost, Revenue and Household Status
Farmers were interviewed about each field separately to collect information about their management strategies in the previous year 2015, namely cultivated crops, applied amount and type of soil amendment (mineral fertilizer, manure and/or compost), usage of insecticides and weedicides, seed source, cultivation season, irrigation water source, as well as cropping pattern and intercropping schemes (Table S1 ). Subsequently, we asked farmers for their real costs of field inputs in 2015 such as fertilizers, insecticides, weedicides, seeds, and additionally for irrigation water when plots were cultivated during the dry season. In conjunction with yields that farmers obtained per field and crop, farmers' HH characteristics comprising the number of family members grouped by age and gender, total annual HH income, and proportion of income derived from marketing of agricultural production were also recorded. For each HH the age dependency ratio was calculated by dividing the number of members younger than six years by the number of people older than six years of age. This ratio is a measure of the age structure of a household and it relates the number of dependent family members to the support of others. The particular threshold was chosen as within West African countries children from the age of six often contribute substantially to household sustenance including caring for siblings, helping with household chores, tending family farm, feeding animals, and fetching water [24] .
Insect Pollinator Dependency of Produce
Cultivated crop species were classified according to their dependence on insect pollination for fruit development into five categories that describe a reduction in production by a specific percentage collected from experiments with and without insect pollination (Klein et al., 2007;  Table S2 ). No pollinator dependency (PD) described produce with no reduction in yield following pollinator exclusion (PD = 0; simulated pollinator loss). Low PD indicates a potentially reduced production by up to 10% if pollinators are absent (0 < PD ≤ 10), moderate PD indicates a reduction of 10% to 40% in the absence of pollinators (10 < PD ≤ 40) and a high PD was assigned to crop species that strongly depends on insect pollinators, i.e., a reduction of between 40% and 90% will occur following total pollinator loss (40 < PD ≤ 90). The last level describes produce for which insect pollination is essential (essential PD) and for which yield may be reduced by up to 90% or more in the absence of insect pollinators (90 < PD ≤ 100). To estimate the variation in data on pollinator dependency two pollinator dependency levels were used for each crop, a minimum and a maximum estimation of the reduction in yield following total pollinator loss (see Klein et al., 2007) . For example, pollinator dependency for the high PD category ranged from 40%-90%.
Household Vulnerability Index (HVI) for Total Loss in Pollination Service
Taking households' characteristics and marketing strategies as well as variations in the pollinator dependency of the cultivated crops into account, we developed a Household Vulnerability Index (HVI) that describes the theoretical reduction in HHs' annual income caused by total pollinator loss. This HVI, based on household income data from 2015, indicates the potential future risk (vulnerability) for loss of income of rural, peri-urban, and urban households.
A farming household (i) may produce a quantity X i,j of the agricultural good j by combining capital (K i,j ), labour (L i,j ), and land (Land i,j ) subject to a household-specific total factor productivity (A i ). In addition to the levels of these classical input factors, the level of pollinator services (PS i,j ) available to household i for the production of good j positively influences the quantity of good j. Consequently, the household production function can be defined as follows:
Equation (1): Household Production Function
The total differential of the production function illustrates how alterations in the factor input quantities and the level of pollination services affect the quantity of good j produced by household i:
Equation (2): Total Differential of the Household Production Function
The monetary value of the farm output of household i (Y fa i ) is the sum of the products of the market price at which good j could be sold (p j ) and the quantity of good j that household i produced according to Equation (1):
Due to the prevalence of auto-consumption of HH production, especially in rural populations, X i,j represents the total quantity of good j produced and not merely the total quantity of good j sold so that the monetary value of the farm output includes revenues from sales as well as the monetary value of self-consumed agricultural output. An HH's total revenue (Y The HVI is thus the sum, across all agricultural products, of the products of the portion of total household income derived from the cultivation of a particular product (
) and the change in output per unit of land resulting from a change in pollination services (
Equation (3): Household Vulnerability Index (HVI)
Thereby, the HVI i for each household can take values from −1, where the household loses all its income following a dramatic decline in pollinator services, through 0, where an HH's revenue is unaffected by changes in pollinator services. In a scenario where abundance and diversity of pollinators and their services are enhanced for a field or a particular HH, the HVI i may take positive values indicating an increase in total HH revenue due to augmentation of pollinator services. However, due to the given alarming trend of pollinator decline worldwide this study is based on an assumption of a potential loss of pollinator services, thus positive HVI i values are impossible in that context.
Calculation of HVI and Statistical Analysis
Differences in mean HVI for different HH types (rural, peri-urban, urban) were tested for statistical significance using linear mixed-effect models (LMER) with site as a random grouping factor. Multiple comparisons were conducted using a Tukey test at p ≤ 0.05 as the significance threshold. LMER was used to test for potential correlations between HVI and household characteristics such as income sources, crop diversity, and age dependency ratio. All calculations were made using Stata Corp [25] (HVI) and R version 3.3.0 [26] (LMER) with additional functions provided by the R packages lme4 [27] , lmerTest [28] , and multcomp [29] .
Results
Agricultural Systems and Household Characteristics
In total 38 different crops and horticultural produce were cultivated by the 224 interviewed households along the rural-urban gradient of Ouagadougou. The average number of different crops and horticultural products cultivated per household was with four species highest for rural HHs. Peri-urban and both urban HH types cultivated, on average, two crop species per year. Rural agricultural systems around Ouagadougou were characterized by a high proportion of land under cultivation with pollinator non-dependent cereals such as millet (40% of the studied area) and sorghum (30%), but in conjunction with green bean (Vicia faba L.). Also fields with maize (10%) and groundnut (Arachis hypogaea L.; 8%) were frequent in rural systems. Peri-urban production systems were similar to rural ones and characterized by a high proportion of land under sorghum (35%) and millet (20%) in conjunction with green bean, as well as with cowpea (Vigna unguiculata (L.) Verdc.; 12%) and groundnut (10%). Urban households primarily cultivated maize (30%), okra (Abelmoschus esculentus (L.) Moench; 20%), green bean (15%), and millet (10%) within their backyards. In contrast, most land of the open-space farm systems in Ouagadougou was used for the cultivation of okra (25%), spinach (Spinacia oleracea L.; 18%), lettuce (Lactuca sativa L.; 14 %), amaranth (Amaranthus spp.; 10%), strawberry (Fragaria x ananassa Duchesne; 10%), and cucumber (Cucumis sativus L.; 8%).
The average annual revenue of rural HHs derived from marketing of their agricultural produce was 380,000 XOF (West African CFA franc; ≈US$620 or 65% of total household income), of peri-urban HHs 190,000 XOF (≈US$320 or 48% of total household income), of urban HHs with backyard cultivation around 300,000 XOF (≈US$480 or 48% of total household income) and urban HHs cultivating in open-space systems around 500,000 XOF (≈US$790 or 93% of total HH income).
Average number of HH members was highest within rural areas with 15 members per HH. Here, average HH age dependency ratio amounted to 0.37. Peri-urban HHs had on average 12 members, urban HHs 9 (backyard), and 10 (open-space) members, respectively. The HH age dependency ratio was with an average of 0.25 similar for peri-urban and both urban HH types.
Changes in Cultivation of Pollinator-Dependent Crops along the Rural-Urban Gradient
The proportion of land cultivated with crops that did not rely on insect pollination for fruit development was significantly higher for rural and peri-urban systems than for both types of urban farming systems (F 3,9 = 4.15, p = 0.04; Figure 1 ). This shift resulted in an increased area under cultivation with crops known to benefit to a small and moderate degree from insect pollination within urban areas (F 3,39 = 5.04, p = 0.005). Farmers of rural, peri-urban, and open-space systems used the same proportion of land for crops that highly depend or even fully rely on insect pollination for their fruit and seed development. Around 25% (n = 10) of the cultivated crops and horticultural products were dependent on insect pollination (Table 1) . Average field size as well as average yield per crop differed widely along the rural-urban gradient and were unrelated to market orientation of crop cultivation. Whereas cucumber and strawberry were exclusively cultivated in urban farming systems, green bean was cultivated in all systems, with the exception of urban open-space farming. Okra was cultivated regularly by farmers for self-consumption along the rural-urban gradient but also in market oriented open-space systems. Horticultural produce as cucumber, pepper (Capsicum spp. L.; rural to urban systems), strawberry, tomato (Solanum lycopersicum L.; rural to urban systems), and watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai; rural systems) were preliminary cultivated for markets, whereas cowpea and green bean were cultivated for self-consumption. Table 1 . Average field size and average yield of crops found in rural (R), peri-urban (P), urban backyard (UB), and open-space (UO) farming systems of Ouagadougou in 2015 that benefit from insect pollination for fruit development and that are cultivated for either self-consumption or the market.
Crop Species
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Effects on Household Revenue and Vulnerability
At the lowest pollinator dependency of the cultivated crops and horticultural products, HVI for farmers in and around Ouagadougou ranged from 0 to −0.55. At the crops' maximum pollinator dependency, HVI reached up to −0.83, meaning a maximum reduction of their current HH revenue from crop cultivation and sale by up to 83%. However, 48% (n = 108) of the studied HHs, mostly Around 25% (n = 10) of the cultivated crops and horticultural products were dependent on insect pollination (Table 1) . Average field size as well as average yield per crop differed widely along the rural-urban gradient and were unrelated to market orientation of crop cultivation. Whereas cucumber and strawberry were exclusively cultivated in urban farming systems, green bean was cultivated in all systems, with the exception of urban open-space farming. Okra was cultivated regularly by farmers for self-consumption along the rural-urban gradient but also in market oriented open-space systems. Horticultural produce as cucumber, pepper (Capsicum spp. L.; rural to urban systems), strawberry, tomato (Solanum lycopersicum L.; rural to urban systems), and watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai; rural systems) were preliminary cultivated for markets, whereas cowpea and green bean were cultivated for self-consumption. Table 1 . Average field size and average yield of crops found in rural (R), peri-urban (P), urban backyard (UB), and open-space (UO) farming systems of Ouagadougou in 2015 that benefit from insect pollination for fruit development and that are cultivated for either self-consumption or the market.
Crop Species
Effects on Household Revenue and Vulnerability
At the lowest pollinator dependency of the cultivated crops and horticultural products, HVI for farmers in and around Ouagadougou ranged from 0 to −0.55. At the crops' maximum pollinator dependency, HVI reached up to −0.83, meaning a maximum reduction of their current HH revenue from crop cultivation and sale by up to 83%. However, 48% (n = 108) of the studied HHs, mostly urban and peri-urban ones, showed an HVI of 0 and remained unaffected by a decline in pollinators. The average HVI was therefore low and did not change significantly along the rural-urban gradient (F 3,12 = 0.52, p = 0.68; Table 2 ). Still, more than half of the studied HHs seemed vulnerable to pollinator loss to a certain degree. Peri-urban HHs would be least affected with 1% loss and urban HHs would be strongest but not seriously affected with an average loss of 3% (maximum of 10%) of their current revenue from horticultural production. Table 2 . Minimum and maximum values of the mean (± SD) household vulnerability index (HVI) for pollinator loss of rural, peri-urban, and urban households involved in agricultural activities in Ouagadougou (Burkina Faso), 2015. Farming households involved in the market-oriented cultivation of cucumber, strawberry, okra, and sesame may be most affected by pollinator decline and could experience a reduction in HH income of around 27% (maximum of 30%) if specialized in cucumber production. Strawberry farmers may lose between 9% and 25% of their current annual income, sesame (Sesamum indicum L.) farmers between 3% and 6% and okra farmers between 2% and 8%. Here, with the shift in okra cultivation from self-consumption to marketing we observed that the contribution of okra production to HHs' revenue and consequently to famers' HVI changed along the rural-urban gradient (F 3,12 = 5.9, p = 0.01; Figure 2 ). urban and peri-urban ones, showed an HVI of 0 and remained unaffected by a decline in pollinators. The average HVI was therefore low and did not change significantly along the rural-urban gradient (F3,12 = 0.52, p = 0.68; Table 2 ). Still, more than half of the studied HHs seemed vulnerable to pollinator loss to a certain degree. Peri-urban HHs would be least affected with 1% loss and urban HHs would be strongest but not seriously affected with an average loss of 3% (maximum of 10%) of their current revenue from horticultural production. Farming households involved in the market-oriented cultivation of cucumber, strawberry, okra, and sesame may be most affected by pollinator decline and could experience a reduction in HH income of around 27% (maximum of 30%) if specialized in cucumber production. Strawberry farmers may lose between 9% and 25% of their current annual income, sesame (Sesamum indicum L.) farmers between 3% and 6% and okra farmers between 2% and 8%. Here, with the shift in okra cultivation from self-consumption to marketing we observed that the contribution of okra production to HHs' revenue and consequently to famers' HVI changed along the rural-urban gradient (F3,12 = 5.9, p = 0.01; Figure 2 ). Potential relative reduction through total pollinator loss in rural, peri-urban, and urban farmer households' agricultural revenue generated through the cultivation of okra (Abelmoschus esculentus (L.) Moench) in Ouagadougou (Burkina Faso) based on data collected in 2015. Boxplots show mean (black dot), the lower quartile, median, and upper quartile, with whiskers extending to the most extreme data point that is no more than 1.5 times the interquartile range from the edge of the box. Different letters indicate significant differences between groups with p ≤0.05.
Nevertheless, from the 224 interviewed HHs in and around Ouagadougou, only three urban HHs could be classified as strongly affected as they would lose more than 50% of their household income by total pollinator loss. Further 20 HHs that were also mainly active in urban open-space farming could be classified as moderately affected as they would lose between 20% and 50% of their household income by total pollinator loss. Except for HH location, no other factors such as number Figure 2 . Potential relative reduction through total pollinator loss in rural, peri-urban, and urban farmer households' agricultural revenue generated through the cultivation of okra (Abelmoschus esculentus (L.) Moench) in Ouagadougou (Burkina Faso) based on data collected in 2015. Boxplots show mean (black dot), the lower quartile, median, and upper quartile, with whiskers extending to the most extreme data point that is no more than 1.5 times the interquartile range from the edge of the box. Different letters indicate significant differences between groups with p ≤ 0.05.
Nevertheless, from the 224 interviewed HHs in and around Ouagadougou, only three urban HHs could be classified as strongly affected as they would lose more than 50% of their household income by total pollinator loss. Further 20 HHs that were also mainly active in urban open-space farming could be classified as moderately affected as they would lose between 20% and 50% of their household income by total pollinator loss. Except for HH location, no other factors such as number of income sources, crop diversity, or household age dependency ratio correlated with the HVI for pollinator loss.
Discussion
Rural and peri-urban agricultural landscapes in Burkina Faso are dominated by small-scale farmers cultivating less than 3 ha and largely practising subsistence agriculture using the staple crops sorghum, millet, and maize [30, 31] . With shorter distances to markets and urban infrastructure, namely streets, water catchments, wells, and channels but also productive resources such as seeds, fertilizers, and pesticides, agricultural systems in and around Ouagadougou are characterized by higher crop diversity including species with perishable and high-value fruits such as cucumber and strawberry. Rural and open-space agricultural systems were similar in that both systems generated the highest HH income share derived from agricultural production. In contrast, urban open-space farmers practised market-oriented agriculture to cover their cost for food and living year-round. Average crop diversity per HH, however, was twice as high in rural areas compared with the other three regions, probably an effect of the limited and restricted access to vacant land and land tenure insecurity for urban and peri-urban farmers in and around Ouagadougou [32, 33] .
Peri-urban regions of West African cities constitute an area of particularly high transformation dynamics in space and time, and residents employed a mix of both urban and rural livelihood strategies [33] . Therefore, the vulnerability to pollinator losses of peri-urban and particularly of urban backyard farming households seemed to be lower than of rural ones due to diversified income sources such as livestock and self-employment. In contrast, a study in the catchment area of Ouagadougou by Chagomoka et al. (2015) revealed the highest risk of households' food insecurity for peri-urban areas compared to urban and rural areas, presumably since peri-urban areas suffered from poor infrastructure, small markets, and poor access to water [34] . The results show the complex nature of peri-urban areas within developing countries which is associated with an influx of people from urban and rural areas leading to increasing demand for land for non-agricultural and urban land uses.
Within West African countries urban growth and agricultural intensification can trigger changes in biodiversity leading to either a homogenization or a reduction of important insect communities affecting the ecosystem service of pollination [35] [36] [37] [38] [39] . The fact that urban farming households in Ouagadougou were highly specialized in the cultivation and marketing of crops which often rely substantially upon insect pollination and from which they earn most of their total household income, made these households vulnerable to loss of pollination services by insects. This increase in risk of agricultural income loss due to a lack of pollination services from the rural to the urban space was particularly evident for okra where the importance of its cultivation for HH revenue was highest for urban farmers. In addition horticultural products such as cucumber and strawberry were primarily cultivated within urban areas due to farmers' free access to water and agricultural resources. These crops also rely on insect pollinators for successful fruit development, and therefore had the greatest effect on farmers' HH vulnerability. For both high-value products the urban market demand is currently large and ensures that farmers have a regular source of income [7] , as long as pollination service is ensured. Although pollinator dependency of green beans is known to be small (potential yield reduction by up to 10% if pollinators are absent), a decline in pollination service would affect all households along the rural-urban gradient of Ouagadougou as this crop is almost ubiquitously cultivated by farmers and constitutes an important component of the HH diet [40] . Hence, a decrease in crop yield would lead to insufficiency to meet household consumption needs, let alone provide surplus for sale. The high standard deviation of HVIs' mean, however, implied that HHs showed a high variability in their vulnerability depending on farmers' crop dependency on pollination and the percentage of total HH income attributed to proceeds from the crop sale.
Farmers in Sub-Saharan Africa are particularly vulnerable to any reductions in crop productivity as they cultivate very small parcels of land and have to cope with a considerable yield gap whose size strongly varies from year to year [6, 41] . Hence, the productivity of smallholder agriculture and its contribution to HH economy, food security, and poverty reduction highly depends on the services provided by well-functioning ecosystems, including pollination [3, 42] .
However, the data set used here constitutes only a 'snapshot' of the region (Ouagadougou) and is limited to a single time period (HH data solely from 2015). Hence, our findings cannot be considered as a fully realistic scenario and more detailed studies are certainly needed to assess real pollination effects on HHs' vulnerability. Nevertheless, recent work by Stein et al. (2017) also showed that a deficit in pollinator abundance and diversity can lead to a significant loss in WA farmers' income. They reported a reduction of up to US$75 in sesame and of US$155 in cotton (Gossypium hirsutum L.) farmers' revenue in Burkina Faso. Future investigation of potential impacts of crop variety on pollination is important, since different crop varieties can exhibit different levels of pollinator dependence and possible yield deficits [43, 44] . We further did not take into account potential effects of insect pollinator losses on fruit trees that are used by farmers and urban residents or the quantity and quality of seeds used for planting, which is an economically relevant factor for many WA farmers. Seeds are often locally multiplied to reduce production cost or for sale on the market [45] . Neither could we integrate an assessment of insect pollinator losses for African indigenous vegetables as data of their pollinator dependency was not available nor for forage crops, which may affect livestock production.
Also, our study assumed a total loss of pollinators rather than a gradual decline. Consequently, this analysis entails an estimation of the maximum potential impact of pollinator loss on farming HHs' revenue. Furthermore, we used literature data to obtain crops' dependency on insect pollination that, however, showed a high heterogeneity [11] . Consequently, we decided to use minimum and maximum values that resulted in a wide range in the HVIs.
Hence, an economic quantification of market and non-market values of pollination for West African farmers could help to more comprehensively determine their HH vulnerability to a decline in pollination services. This would set the stage to take more informed policy decisions to support farmers in managing landscapes effectively and sustainably to foster the multi-functionality and productivity of agricultural systems.
Conclusions
Rapid urbanization of West African countries is changing the nature of food systems as traditional diets based on staple foods are being replaced by more diverse horticultural products including tomato, cucumber, and strawberry. As decline in the quantity and quality of pollination services by insects, particularly within urban areas are to be expected, the development of resilient urban and peri-urban systems should consider pollinator-friendly landscape management, e.g., maintenance of nesting sites, floral resources, and habitat connectivity, as well as crop management aiming at the reduction in pesticide usage and enhanced crop diversification and crop functional trait diversity.
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